REMARKS 



Reconsideration of this application is requested in view of the amendments to the 
specification and claims and the remarks presented herein. 

The claims remaining in the application are claims 1 to 8 and 29 to 32 which are 
the elected claims. The non-elected claims have been cancelled but Applicants reserve 
the right to file a divisional application directed thereto. It should be noted that claim 29 
should be combined with the elected invention as set forth in the restriction requirement 
in the office action of August 26, 2003. This is even more so since claims 30 to 32 are 
dependent thereupon. 

Applicants have provided a new Abstract of the Disclosure and the specification 
has been amended to delete the embedded hyperlink codes therein. The specification has 
also been amended to recite the address of the Depository and the date and name of the 
Depository are already in the specification. 

Claims 1, 2 and 30 to 32 were rejected under 35 USC 101 because the Examiner 
was of the opinion that the claimed invention was not supported by a specific and 
substantial asserted utility or a well established utility. The Examiner states that the 
specification discloses the open reading frame of SEQ ID No: 2, gene CaNL256 from 
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Candida Albicans and that the application does not give any evidence or guidance 
concerning the activity of the gene or if that expression or lacking of expression 
associated with the essential functions of the fungus. The Examiner is of the opinion that 
the Applicant has not adequately described any specific activity for the gene encoded by 
the SEQ ID No: 2. Therefore, it is doubtful whether the nucleotide sequences can have 
any of Applicants' asserted utilities according to the Examiner. 

Applicants respectfully traverse this ground of rejection since it is deemed that the 
specification complies with the 35 USC 101 utility requirement. Applicants have cloned 
the C.Albicans homolog of YNL256 and it is an identification of the clone DNA is 
described by a homology research in the description on page 30. 

With respect to the Examiner's allegation that the level of homology between 
YNL256 and cNL256 based on his own BLAST search. Applicants submit that the 
results of the BLAST search as shown in the search enclosed by the Examiner have not 
been properly interpreted. First, the matched DNA sequence YNL256w shown in the 
Examiner's enclosed documents is longer than its own open reading frame by 414 base 
pairs (as evidenced by the SwissProt protein sequence). The Examiner is comparing a 
sequence containing untranslated elements with a shorter genomic sequence isolated by 
the Applicant. 
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The matched sequence being longer than the reference, it is thus artificially 
reducing the numerical result "QUERY Match". As a cursory example, the 414 base pair 
difference in the BLAST search would lower the match percentage by 414/2364 = 18%. 
In addition, it is indicated in line 15 of page 30 that the coding region of CaNL256 is 
shorter than that of its YNL256 homolog and this would artificially lower the overall 
match score. Finally, the Applicant has stated in lines 17 to 18 of page 30 that account 
must be taken of the translational variant in C Albicans. 

If the BLAST search was performed without taking these into account, then the 
overall match score will be artificially lowered. For example, it is noticed that on the 
search extract submitted by the Examiner, result 7 appears to be a match between the 
sequence in issue and other sequence corresponding to the same gene disclosed by the 
same Applicant in corresponding foreign patents. Interestingly, the overall match score 
of the sequence itself is only 16.6% with a 99% local similarity, probably due to the size 
differences. Thus, the proper measure of similarity is the best local similarity which in 
the Examiner's search, appears to be already 49.7% with YNL256. The artificially low 
number of 12% query match is to be disregarded as numerical artefact produced by 
differing sizes. There is no reason to doubt the accuracy of the homology search 
performed by the Applicant and which yields similar pertinent results to that of the 
Examiner. 
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With respect to the doubts raised by the Examiner about the accuracy of the 
determination of the function of the cloned gene based upon the proposition that the 
similarity with both the DHPS and HPPK domains is unlikely, Applicants submit two 
publications herewith, namely, Ogata et al, Science, Vol. 293, pages 2093-2098 and 
Mouillon et al, Biochem. J., Vol. 363, pages 313-319. The Examiner's attention is 
directed to column 2 of page 2096 of Ogata et al and the Abstract of the Mouillon et al 
references which show that both in the plant and the bacterial kingdom, there are 
enzymes that have both DHPS and HPPK functions within folate and folic acid pathways. 
It appears to be a feature of such enzymes and therefore, it is likely that CaNL256 has all 
of these activities and there is no reason to doubt the Applicants' results owing to the 
presence of these two domains. 

Finally, the homology of 52% at the nucleotide level is high enough in addition to 
the matching of specific highly conserved domains for a function to be assigned. It is 
further submitted that for unicellular organism, the mutation rate being high, there is 
considerable genetic drift across DNA regions which do not code for specific catalytic 
domains. Thus, homology results across long regions are to be lower than that in other 
life forms as indicated in lines 20 to 25 of page 13. 



The quoted articles on functions assigned by homology do not make definite 
technical statements but, rather, give opinions. The Attwood et al reference states that it 
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is unadvisable to make functional assignments merely on "some degree of similarity". 
All that this could indicate is that if a homology is too low, then it would be less reliable. 
Moreover, with respect to Brenner, this states that without laboratory experiments, it is 
not possible to "know for certain". An examination of the USPTO revised guidelines 
shows that what is required is a credible utility not an absolute scientific certainty. 

Credible utility is defined in the utility guidelines (page 5) that "Where an 
Applicant has specifically asserted that an invention has a particular utility, that assertion 
cannot simply be dismissed by Office personnel as being "wrong". Rather, Office 
personnel must determine if the assertion of utility is credible (i.e. whether the assertion 
of utility is believable to a person of ordinary skill in the art based on the totality of 
evidence and reasoning provided). As assertion is credible unless (A) the logic 
underlying the assertion is seriously flawed, or (B) the facts upon which the assertion is 
based are inconsistent with the logic underlying the assertion." (emphasis added) 
Therefore, it is deemed that claims 1, 2 and 29 to 32 comply with 35 USC 101 and 
withdrawal of this ground of rejection is requested. 

The elected claims were rejected under 35 USC 1 12, first paragraph, as not being 
based upon an enabling disclosure since, in the Examiner's opinion, the claims contain 
subject matter which is not described in the specification so as to reasonably convey to 
one skilled in the art that Applicant had possession of the claimed invention at the time of 
filing the application. The Examiner states that the claims are directed to polynucleotides 
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of SEQ ED No: 2, homologs and functional fragments thereof are genus claims that 
encompass a wide variety of molecules which are not sufficiently described in the 
specification. 

Applicants respectfully traverse these grounds of rejection since it is deemed that 
the homologs and functional fragments thereof are within the reach of one skilled in the 
art. The description teaches that the gene claimed is the homolog of YNL256w as 
indicated in Example 1 on pages 29 and 30. Thus, its function is that of its homologs in 
S. Cerevisia and specifically has HPPK and DHPS activity as indicated on page 3 1 . In 
addition, the specification makes it clear that this gene is selected because it is essential 
meaning that a deletion of it is lethal as indicated in lines 9 to 1 1 of page 6 which can be 
assessed easily. Thus, one skilled in the art is perfectly able to clone by routine means, 
homologs of SEQ ID No: 2 and to obtain fragments thereof and select a clone suitable for 
working the invention. The claimed sequences can thus be obtained by one skilled in the 
art and are enabled. 

The written requirement of 35 USC 1 12 does not require that all possible 
embodiments be expressly described in terms of sequence or structure to show possession 
of the invention. The Examiner's attention is directed to two recent decisions, namely, 
Enzo Biochem v. Gen-Probe Inc., 296 F.3d 1316, and Moba v. Diamond Automation, 
325 F. 3d, 1306. In the Enzo case, sequences which were not sequenced or disclosed 
were claimed in accordance with 35 USC 1 12 because they were obtainable by one 
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skilled in the art and thus, enabled. More specifically, the Moba case held "The language 
of 1 12 indicates that a patent will contain an adequate description if it provides enough 
information to enable a person skilled in the art to make and use the invention." 

"Any disclosure that enables one to make and use the invention also, by 
definition, shows that the inventor was in possession of that full invention." 

"After all, to enable is to show possession and to show possession is to enable." 

Clearly judicial opinion is adverse to a rule in which all sequences must be 
disclosed to be validly claimed especially, when they are properly enabled and as Judge 
Rader pointed out in the Moba case, this is impractical. In summary, the Applicant has 
provided structural information in the form of sequence data and functional information 
which would enable one skilled in the art to determine if a claimed variant is suitable for 
the invention and therefore, the claims comply with 35 USC 1 12, first paragraph, and 
withdrawal of this ground of rejection is requested. 

Claims 1, 2 and presumably, 29 to 32 were rejected under 35 USC 112, second 
paragraph, as being indefinite since, in the Examiner's opinion, there was a logical 
disconnect between claims 1 and 2 and claims 29 to 30. The Examiner states that claim 1 
recites a product and claims 29 to 32 recite a product in the preamble but have method 
steps in the body of the claims referring to steps that are no where in claim 1 . Therefore, 
the inconsistency requires correction. 
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Applicants respectfully traverse this ground of rejection since it is deemed that 
Applicants are entitled to claim the invention as they see fit and claims 1 and 2 are 
product claims and claims 29 to 32 are product by process claims. The latter are directed 
to a sequence that can be obtained by a defined process and such wording is expressly 
permitted by the Examination Guidelines, see 2173.05(p). Claims directed to product-by- 
process or produce and process claims and is in the U.S. P.T.O. written description 
guidelines, see page 40, example 10, cited as means of overcoming the written 
description issues for claims to DNA sequences. These claims are clear and are proper 
under the guidelines. Therefore, withdrawal of this ground of rejection is requested. 

All of the elected claims were rejected under 35 USC 102 as being anticipated by 
Accession No. SCYNL256w which, according to the Examiner, is drawn to a sequence 
having homology and encoding fragments of SEQ ID No: 2. The Examiner deems that 
the prior art discloses a product which reasonably appears to be identical or with or only 
slightly different from Applicants' product claims. 

Applicants respectfully this ground of rejection since the reference cited by the 
Examiner in no way anticipates or renders obvious Applicants' invention. SCYNL256w 
is the homolog of CaNL256 and S.Cerevisia and does not have the sequence of SEQ ID 
No: 2 as assumed by the Examiner. The homology being 50% according to Applicants 
and less according to the Examiner himself and most importantly, it is not a C Albicans 
gene and it is clear that all of the claims are properly directed to C Albicans genes and 
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there is no reason to consider that the sequences claimed by claims 29 to 32 which are 
functional genes from the C Albicans could have the same sequence as the sequence of 
SCYNL256w. The CTG code difference in line 17 of page 30 and the size differs 
between the known homologs makes it extremely unlikely that there could be full 
sequence identity. However, the trilateral project 24.1 (Biotechnology Comparative 
Study) indicates that for the U.S.P.T.O., it is necessary to have sequence identity for 
anticipation to occur and for the purposes of novelty, the prior art is neither identical nor 
slightly different as the Examiner suggests and therefore, the Examiner has to show that 
the prior art discloses an identical sequence for an anticipation rejection. Therefore, 
withdrawal of this ground of rejection is requested. 

In view of the amendments to the specification and claims and the above remarks, 
it is believed that the claims clearly point out Applicants' patentable contribution and 
favorable reconsideration of the application is requested. 

Respectfully submitted, 
Muserlian, Lucas and Mercanti 

Charles A. Muserlian, 19,683 
Attorney for Applicants 
Tel.# (212) 661-8000 
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Rickettsia conorii is an obligate Intracellular bacterium 
nean spotted fever In humans. We determined the 1 
plete genome sequence of R, conorft, containing 1374 op< 
genome exhibits B04 af the 894 genes of the prev ously 
prowazekii genome plus 55Z supplementary open readin [ 
increase in the number of repetitive elements. Despite 
two genomes exhibit a nearly perfect colinearity that a 
tlflcatlon of different stages of gene alterations with 
genes split in 105 fragments, of which 59 are transo 
quence inversion was dated shortly after the diverganc 
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Rickettsia species live in different ecological 
niches inside different arthropod hosts (in- 
sects or ticks), in which most of them are 
transmitted vertically from the mother to the 
progeny (/). R. conorii naturally infects the 
dog brown tick Rhiplcephalus sanguineus. 
When transmitted to humans through tick 
bites, the bacterium causes Mediterranean 
spotted fever (/, 2). R. conorii is closely 
related to the previously sequenced R. 
prowazekii (J), the agent of louse-bome ty- 
phus. We determined die complete sequence 
of the R conorii genome (Gcnflank acces- 
sion number AE006914) (Table 1) {4, 5). 
Comparative analysis of these two closely 
related Rickettsia sp. (Table 2) provides 
snapshots of the progression of the gene deg- 
radation process, which has been linked to 
adaptation to intracellular parasitism (J, 6-9), 
The overall gene order in the R. conorii 
genome (Figs. 1 and 2 and Web fig. 1 (70)] is 
remarkably similar to that of R. prowazeHu 
except far die transl a cation/inversion of a 
few short segments in the region correspond- 
ing to the end of replicarion. The detailed 
sequence comparison of Ihe uro genome se- 
quences revealed numerous cases of appar- 
ently orthologous pairs of open reading 
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DNA transformation functions, including the 
DNA uptake protein ComF, the competence 
op eron protein ComE3. and the chromosomal 
transformation protein Smf. The presence of 
such a DNA transformation gene has not 
been previously described for other obligate 
intracellular parasites [R. prowazekii (3), 
Chlamydia Bpp. (7 J), and Mycobacterium 
leprae (Jf)]. 7?. conorii* s capability for exog- 
enous PNA uptake is further suggested by 
the presence of four ORFs of apparently for- 
eign origin: one phage-rclated proiein 
(RC0490), one insertion element (RC0688), 
and two lyaozymelike proteins from viruses 
(RC0727 and RC1298). Both Rickettsia spe- 
cies arc naturally resistant to penicillin and 
aminoglycoside anlibiota, and R. conorii 
exhibits higher resistance than 7?, prowazekii 
to antibiotics (74), Consistently, its genome 
contains nine additional genes related to its 
sensitivity to drugs, including four genes for 
P-laetamases (RC1243-4) and its regulation 
(RC0535, RC0788. and RC1358); three drug 
efflux transporters (RC0301, RC0564-9, and 
RC1181); an aminoglycoside 3 '-phospho- 
transferase (RC0947); and an acetyltrans- 
ffirase (RC0554). 7*. conorii is known to 
move around inside host cells by propulsion 
produced by conlinuous actin polymerization 
(7 S). No clear homolog of proteins known to 
be responsible for the accin-based motility of 
Listeria monocytogenes (ActA) or Shigella 
Jltxnvri (IcsA) (76") was found, but an ORF 
(RC0909) coding for a 5 20- residue-long 
protein exhibits an overall organization 
similar to that of ActA. Both proteins share 
a highly eharged NH 2 -terminuB (-300 res- 
idues) and a central prolmc-rich region. 
RC0909 has a weak similarity to the WASP 
homology domain 2, found in a family of 
proteins known lo regulate the formation of 
the actin filaments. 

As intracellular parasites, Rickettsia have 
small genomes and an evolutionary tendency 
toward further genomic reduction (6"). There- 
fore, genes found as multiple copies may 
outline thBir specific adaptations. Using 
BLAST (77), we identified six gene families 
with more than three paraloga. Comparing 
their copy numbers with those in other bac- 
terial genomes, we found that five gene fam- 
ilies (Tic, SpoT, Prop, Sea, and AmpG) were 

Table 1. Comparison between R. conorlf and R. 
prowazekii. 
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significantly overreprepented (P < 0.05, 
Fisher's exact test) in Rickettsia species [Web 
table 1 {)0)\ Adenosine triphosphate (ATP)/ 
adenosine diphosphate (ADP) translrjeaseH 
are known lo be unique to Rickettsia spp, and 
Chlamydia spp. among bacteria and may be 
of plant origin {J 8). This gene allows the 
importation of ATP from the infected host 
cell. Five copies were found mR. conorii and 
R. prowazekii. Also, four SpoT copies were 
found in R. conorii and R. prowazekii (VP), 
The SpoT protein hydrolyzes the nucleotide 
(p)ppGpp, also known as alarmone. This 
compound plays a major role in processes 
related to starvation in various bacteria {20). 
Alarmone also initiates the expression of vir- 
ulence genes in Legionella pneumophila {2l\ 
the production of antibiotics in Streptomyccs 
coelicolor {22), and the change in the cell 
density of Myxococcus xanthus {23). The 
four copies of SpoT may be related to the 
adaptation of Rickettsia to long starvation 
periods in pausing ticks or louse feces. Both 
Rickettsia species have significantly large 
numbers of Prop pro line/be tain transporter 
paralogs: 1 1 and 7 ORFs for R. convrii and R. 
prvwazekii, respectively, in many organisms, 
including bacteria and plants, proline trans- 



Fig. 1, Circular repre- 
sentation of the R. 
Conorii genome (strain 
Malish 7), The outer- 
most cirde indicates 
the nucleotide posi- 
tions. The second and 
third circles locate the 
ORFs on the plus and 
minus Strands, respec- 
tively. Function cate- 
gories are color-coded 
[see Wab fig. 1 (TO)]. 
The fourth and fifth 
circles locate CRN As. 
The location* of three 
rRNAs are indicated 
by black arrows. The bqo,ooc 
shtth and seventh cir- 
cles indicate the loca- 
tions of repeats. The 
eighth cirde shows 
the C-C skew (G- eso.ooo 

C/C+C) with a win- 
dow size of 10 kb. The 
region locally breaking 
the genome colinear- 
icy with R, prowazekU 700,000 
(s indicated by a shad- 
ed sector. The four 
major genomic seg- 
ments involved in this 
rearrangement are cat- 
ered In blue, yellow, 
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(656 elements) of repeated DNA {2& t 29). 
Those repeats vary in size between 19 and 
172 base pairs (bp) and constitute 3.2% of the 
entire genome. Overall, the repeal fraction of 
the genome is G+C rich (40%) and is in part 
responsible for the higher G-f-C content of R. 
conorii as compared wilh R. prowazekii. The 
distribution of the repeated elements is essen- 
tially random throughout the genome (Fig. 1). 
The quaaiperfect colineArity maintained be- 
tween the two Rickettsia genomes contrasts 
with the view that the multiplication of inter- 
spersed repeacs promotes genomic rearrange- 
ments (JO, 3J). 

The analysis of the R. ennorii putative 
coding regions revealed numerous cases of 
consecutive ORFs matching consecutive seg- 
ments of a single longer ORF in other spe- 
cies, including R. prowazckiL Such gene 
fragmentations (e.g., internal stop codens) 
are usually associated with "paeudogenes." 
However, a truncaied form of the outer-mem- 
brane protein (rOmpA) is normally expressed 
in R. fctti {32). In addition, most of the split 
ORFs retained the statistical properties (cod- 
ing potential and codon bias) of normal cod- 
ing regions and a good similarity with intact 
protein ormologs. This prompted us to anno- 
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tare these altered genes by the more neutral 
designation of "split genes/' pending further 
experimental evidence, Thirty-seven split 
genes {IS) (resulting in 105 total ORFs) were 
identified in R. conorii (Table 2). Among 
them. 14 have intact orthologH in H, 
prmvazeka, 4 exhibit inlaci panUogs in /?. 
conorii \ and 1 9 have intact homo logs in other 
prokaryoies. In /?. prowazcidi, we identified 
1 1 split genes (resulting into 23 ORFs) thai 
all have intact orthologs in R conorii. By 
reverse transcriptase^-polymer&pe chain reac- 
tion (RT-FCR) {3S) t we examined the de- 
tailed transcription pattern of all 37 & conorii 
split genes [Web table 2 {10)]. We observed 
at leaul one transcript for 30 of 37 genes and 
RT-PCR products (all of the expected size) 
for 59 or 105 ORFs. All ORFs were tran- 
scribed for 11 of 31 genes, and the sole 5' 
ORF was transcribed for S genes. These cases 
are consistent with the continued usage of the 
promoter of the original gene. However, the 
RT-PCR results on the other split genes sug- 
gested more complex transcription patterns, 
In seven cases, only the 3' ORFa were found 
to be transcribed; in four eases, the 5' and 3' 
segments were found to be transcribed but 
not the middle segments; and in one case, 
only the middle segment was detected. Tran- 
scripts were much more likely to be detected 
for larger ORFs (a70 residues) than for 



smaller ORFs 
sus4of27;P 



EPORTS 

(-470 



d£ r\s!ty 
the 

R, 

genomes. 



Fig. 2. Repeat 
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functions [as already discussed for SpoT 
genes in R. prowasckii (19)]. The complete 
assessment of the physiological significances 
of these genes will require a detailed charac 
teri2ation of their translation products in 
Rickettsia, 

It has been previously suggested that most 
of the intcrgenic sequences in R. proyyazeklt 
consist of decayed genes that arc no longer 
active but are not yet totally eliminated from 
the genome (J, 8, 19). Through a systematic 
survey, wd identified noncoding remnant se- 
quences for 229 ORFs (out of the 552 J?. 
conorft supplementary gene*) at their homol- 
ogous locations in the R. prowazekii genome 
(Fig. 2). For example, the R. connrii gene 
(RC1273) for Die outer membrane protein 
rOmpA is 6063 bp long and is located be- 
tween the cell division protein FtsK 
(RC1274) and a hypothetical ORF (RC1272) 
(Fig. 3). R. prowasefdi exhibits the orthologs 
for FtsK. and the hypothetical ORF but not 
for rOmpA. Port of the intergenic sequence 
between the R. prowazekii orthologs exhib- 
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Fig. 3. Illustration of the co linearity. Three distinct 
segments from the fi. con erf/ genome aligned with 
the homologous segments from the R. prowazekii 
genome an shown. These segments were chosen 
to show three types of gene alteration; Split genes 
in R. prvwazektt (top), a split gene in R. conorli 
(middle), and a gene remnant in R, prowazekii 
(bottom). A complete comparative map is avail- 
able at (70). 
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suggest a gene exchange between Rickettsia 
and Chlamydia, as proposed for ATP/ AD P 
translacascs (1S)„ The alteration of this folate 
Synthesis gene in both Rickettsia specica — 
detected as a split gene in R. conorit and as a 
remnant sequence in R. p rcwazcldi — ■ suggc sts 
that significant changes of evolutionary con- 
straints occurred after exchanging the gene with 
Chlamydia. 

To investigate gene degradation in a wider 
set of Rickettsia species for whieh no se- 
quence was available, we performed PCR 
assays on the genomic DNA of eight difTexent 
Rickettsia species (R. typhi, R. canadensis, R, 
helvetica* R> fells, R. australU, R. akar( t R. 
ricketisif, and R. massltiac) using primen 
derived from seven R. conorii and seven R, 
prowazekii supplementary genes [Web table 
3 (10)]. With the primers corresponding lo 
the seven R. conorli genes, two or more 
genomic segments were amplified in seven 
species [R. rickettsii (7 of 7), R austral is (6 
Of 7). R.felis (6 of 7), R. helvetica (5 of 7) R. 
massltiae (5 of 7), R. akari (3 of 7), and R. 



t 5Sk» >1VAI rjSSS njIBB nEBST 

m**H _,■**" _r",J „, **r ma ^, m.i u» 

If ""it Bit M» mn mm ox* 



/Kl ///////// 



\ //////////////// 



&2t - 



w 



UlUu*, Tis 




Meubnlivm | 



Cellular Pr«:nAni Q Oilier Rr* A 

Mcuboliimof Cafocron and Other Substances D PwuiIop:no 

Mcubolifm of Cell Envelop [J RHwmnmlRNA 

Amino Acid Mejabollijn ^ Unknown 

Nucleotide Meutnllim | Qibor Cltef oites 

F««)f Acid m<l PRoipbclipid Mf «ba1iifn | Drug nd tulogue *< 



14 SEPTEMBER 2001 VOL 2! 3 SCIENCE uvww.5dencemag.org 



Rx time:08/23/2004 11:38 



Rx No.:752 P. 016 



' OU I tl *-U HU IO 



unDAiic i mnoun 



BEST AVAILABLE COPY 



canadensis (2 of 7)]. With the primers de* 
rived from the it prowazekii genes, one or 
more genomic segments were amplified in 
four species [R. typhi (3 of 7). R. australis (] 
of 7). R.felis (1 of 7), and R. akari (1 of 7)]. 
Thus, the supplementary genes observed in R, 
conorii and Jl. prowazekii do not originate 
from recent, species-specific, horizontal ac- 
quisitions, although Lhe detailed pattern of 
PCR amplification does not exactly fit the 
standard classification of the Rickettsia genua 
[Web fig, 2 {JO)]. Three out of the 14 sup- 
plementary genes were found in a. split form 
(insertiona/dcletions generating stop codone) 
in one or more of the rested species. Thus, 
gene degradation appears to he a common 
feature of Rickettsia, targeting overlapping 
subsets of potentially dispensable genes 
while adapting to lhe selective pressures of 
different niches. 

The few inversions/translocations local- 
ly breaking the otherwise perfect colinear- 
ity of the R. conorii and J?, prowazekii 
genomes occur in the termination region of 
DNA replication. We identified several re- 
arranged DNA segments, including a 38-kb 
segment containing 45 ORFs in R. conorii 
(Fig. 1). To date this inversion/transloco- 
tion event within the phylogeny of Rickett- 
sia, we used PCR on a set or primers 
designed from highly conserved adjacent 
sequences in the above eight species. A J?. 
prowazc fciY-Uke arrangement was observed 
for R, typhi, whereas that of R. conorii was 
observed for R, fciis % R. rickettsii, and R. 
massiliac. The resuh is consistent with lhe 
biphyletic division of Rickettsia and sug- 
gests thai the genome rearrangement event 
would have happened relatively shortly 
after the initial divergence of the genus 
Rickettsia. 

Genome reduction is thought to be a main 
force behind the evolution of parasitic and/or 
intracellular bacteria {6-9). The sequence oF 
the R. conorii genome is consistent with this 
view, and R. prowazekii essentially appears 
as a subset of R. conorii. However, the ge- 
nomes of/!, conorii and R. prowazekii exhibit 
large differences in size, as well as in gene 
and C+C content, thus suggesting an adap- 
tation to their specific niches rather than a 
simple model of random gene loss. Our anal- 
ysis pointed out 137 R. conorii ganeg with- 
out any sequence similarity within lhe R. 
prowazekii genome. This provides an upper 
limit on the number of potential genes later- 
ally acquired since their divergence, &Q to 80 
million years ago {34), A single gene has its 
best match in eukaryotes (RC0781 to the 
NH 2 -terminaI part of yoast biotin-protein li- 
gase), suggesting thai Rickettsia have no par- 
ticular tendency to evolve by acquiring genes 
from their hosts. , Given their generic isola- 
tion, it is tempting to postulate that Rickettsia 
had to rely on internal mechanisms such as 
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Role of Nonimmune IgC Bound 
to PfEMPI in Placental Malaria 

Klrsten Fllclc, 1 Carin Scholander. 1 Qljun Chen, 1 
Victor Fernandez, 1 Bruno Pouvelle, 2 Jurg Cysln. z 
Mats Wahlgren 1 * 

Infections with Plasmodium falciparum during pregnancy lead to the accumu- 
lation of parasitized red blood cells (infected erythrocytes, IEs) in the placenta. 
IEs of p. falciparum isolates that infect the human placenta wera found to bind 
Immunoglobulin C (IgC). A strain of p. falciparum cloned for |gG binding 
adhered massively to placental syncytiotrophoblasts in a pattern similar to that 
of natural Infections, Adherence was Inhibited by IgC-blnding proteins, but not 
by glycosamlnoglycans or enzymatic digestion of chondroitln sulfate A or 
hyaluronic acid. Normal, nonimmune IgC that Is bound to a duffy binding-like 
domain (3 of the P. falciparum erythrocyte membrane protein 1 (PfEMPI) might 
at the IE surface act as a bridge to neonatal Fc receptors of the placenta. 



Malaria infection with P. falciparum during 
pregnancy is an important cause of maternal 
morbidity and mortality. It may induce pre- 
mature delivery, spontaneous abortion, or 
lead to a low birth weight (/, 2). Infections 
often cause more severe symptom b in primip- 
arous than in multipart! us women, The inci- 
dence of placental malaria similarly dimin.. 
ifihes with increaaing parity (3, 4\ probably 
due to the acquisition of immunity to the 
infecting parasites {5. 6). 

IEs are not passed from the mother to the 
fetus, but accumulate in the placenta which 
can experience high parasite densities (>50% 
IEb) while the peripheral circulation is almost 
free of IBs, Placenta) malaria may thus be 
caused by IBs that arc selected for and ex- 
panded on receptors only present m the pla- 
centa (7-70), as opposed to those in other 
vaecular beds. 

Certain strains of p, falciparum bind non- 
immune immunoglobulins onto the surface of 
the host erythrocyte, a fact that made ua 
investigate their role in sequestration, in par- 
ticular the possibility thai IgG could bridge 
the IEa to Fc-rcceptors present in the placen- 
ta. We thus examined fie frequency of lgG- 
(and IgM-) binding IEs accumulated during 
pregnancy in the placenta. Small pieces of 
anap-froien placental tissues were obtained 
from six. malaria-infected Camera ones e 

'Microbiology and Tumor Biology Center (MTCJ, 
Kflrolinika injtltutet and Swedish trutilum for In Fee 
tlous Disease Control. Bo* 2S0, S-171 77 Stockholm. 
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Marpeille II), 133 B5 Marseille Cedex 5, France. 
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women after approved consent. The para- 
sitemia of ihe placentas ranged from three to 
23% (Fig. 1A), and all of them were classi- 
fied as having active or active-chronic infec- 
tions (77). IgG-binding IEb (Fig. ID) were 
found in all of the placentas (1 0 to 75% Igd 
positive, mean 44%), whereas IgM-binding 
IEs (Fig. IC) were more rare (I to 34%, mean 
18%) {12). IEs attached lo the syncytiotro- 
phoMasta bound only IgC (20 to S0%, mean 
50%), except ihose of placenta CP42D), 
where the number of IgG-binding IEs was 
equal to that of the IgM-binding lEa, By 
studying the Ig-bindmg phenoiypc of IEa 
eluted from the placentas {S3, 14), we con- 
firmed that a majority of parasites causing 
active placental infection bound IgG (Table 



Table 1. The p hen □ type of P. ftta'pimm infecting 
the human placenta. IEs were eluted from the 
infected placentas and Scored for their immuno- 
globulin binding. 



Placenta 


IgG-binding 
IE/iE tested- 


Percent 


CPZ4 


IB/23 


78 




14/14 


100 


CP4ZDJf 






CP193 


205/276 


74 


CP933 


327247 


13 


CP&40t 







"Fractions of the If 3 w.r a also Jtudled for their capacity' 
for binding to 5ea1D wlU Including Inhfbltlwi with wluble 
CSA (1 DO iio/ml) and treatment with CSAnwe AHC (0.5 
U). About 50% of the IEs were jpedfic Tor C5A (J J). The 
populations of parasites studied for CSA-blnding wgre not 
Identical Do those studied fgr Immune globulin-binding 
sine* not alt eluted IEj ware ieorcd in the C5A- 
axsays, fThe number of eluted parasites obtained 
Trom the plaeentai CPA2PJ and cpgao wem not sufficient 
for the assay. 



2098 



14 SEPTEMBER 2001 VOL 293 SCIENCE wvwwjidencemaE.org 



Rx time: 08/23/2004 11:38 



Rx No.: 752 P. 018 



\s 23/08 2004 1 7 : 3G FAX +33 1 47 23 49 13 CABINET HIRSCH 



g| 006/018 



BEST AVAILABLE COPY 

Blocnem. J. (2D0Z) 883. 313-319 (PftrUBd In Gfual Britain) 313 



Folate synthesis in higher-plant mitochondria: coupling between the 
dlhydropterin pyrophosphokinase and the dihydropteroate synthase activities 

Jean-Maria MOUILLON, StSphane RAVANEL Roland DOUCE and Fabrice RtBEILLP 

Uboralolrc da Physlalogie Cellulaire Veo^tgje. UMR 5D19. CEA/CNRS/UnlversUS Joseph Fourier, Depa/temem de Blolagle Molfirulalre e1 Structural, CEA-Grerusble, 17 
rue des Martyrs, F-3S054 Grsnobts Ceflsx 9, France 



The plant enzyme 6-hydroxytriethyl-7,8-dihydropterin pyrophos- 
phokinase/7,8-ajhydroptcroate synthase (HPPK/DHPS) is a 
mitochondrial Afunctional protein involved in tetrahydrofolate 
synthesis. The first domain (HPPK) catalyses the pyrophosphory- 
lation of 6-hydroxymeihyl-7,8-dihydroptcrin (dihydropterin) by 
ATP, leading to 6-hydroxymethyl-7, 8 -dihydropterin pyrophos- 
phate (dihydropterinPP^ and AMP. The second domain (DHPS) 
catalyses the tie*t step, i.e. the condensation ofp»aminobenzoic 
add (jr-ABA) with dihydropterinPP 1 to give 7,8-dihydropteroate 
(dihydropteroate) and PP,. In the present article we studied the 
coupling between these two reactions. Kinetic data obtained for 
the HPPK domain arc consistent with an ordered Bi Bi mech- 
anism where ATP binds first and dihydropterinPP^ is released 
last, as proposed previously for the monofunctional Escherichia 
coJi enzyme. In the absence or p-ABfii, AMP and dihydrop- 
terinPP, accumulate and negatively regulate the reaction. In Ihe 



presence of p-ABA, the rates of AMP and dihydropteroate 
synthesis are similar, indicating a good coupling between the two 
reactions. Di hydro pterinPP,, an intermediate of the two reac- 
tions, never accumulates in this situation. The high specific 
activity of DHPS relative to HPPK, rather than a preferential 
channelling of dihydropterinPP, between the Lwo catalytic sites, 
could explain these kinetic data. The maximal velocity of the 
DHPS domain is limited by the availability of dihydropterinPP,. 
It is strongly feedback-inhibited by dihydropteroate and also 
dihydrofolate and tetrahydrofolate monoglutamate, two inter-, 
mediates synthesized downstream in the folate biosynthetic 
pathway. Thus the HPPK domain of this Afunctional protein is 
the limiting factor of the overall reaction, but the DHPS domain 
is a potential key regulatory point of the whole folate biosynthetic 
pathway. 

Key word: CI metabolism, 



INTRODUCTION 

Plants and micro-organisms, in contrast to animals, are able to 
synthesize tetrahydrofolate de novr>. From 6-hydro*ymethyl-7.8- 
dihyd ropier in (hereon referred to as dihydropterin), this biosyn- 
thetic pathway requires the sequential operation of five enzymes 
(for a review, sec [I)). The enzymes catalysing the first three steps 
are absent in animals. These enzymes are therefore potential 
targets for antimicrobial or herbicide drugs. The 6-hydraxy- 
methyl-7 t 5-dihydropterin pyrophosphokinase (HPPK; reaction 
1) and the 7.8-dihydropteroate synthase (DHPS; reaction 2) 
catalyse the first two steps of this pathway, leading to the 
formation of dihydropteroate. 

ATP + dihydropterin-»AMP + dihydropterinPP, (I ) 

DihydropterinFPj + p-ABA dihydropteroate + PP, (2) 

where dihydropterinPP, is 6-hydrosyracthyl-7. 6 -dihydropterin 
pyrophosphate and p-ABA is p-aminobenzoic acid. The DHPS 
activity (reaction 2) k the target of sulphonomides, a family of 
molecules that are potent antibiotics. Tnese chemicals are />AB A 
analogues that are recognized by the enzyme as alternative 
substrates [2,3] and their effects in bacteria and protozoa have 
been Studied intensively [4-6]. .DHPS from prokaryotes is a 
dimcric protein with identical subunits of about 30-35 kDa 
[9,10]. The three-dimensional structures of the Escherichia coil 
and Staphylococcus aureus DHPS proteins have been solved, 
giving new insights into how substrates and inhibitors bind and 
react in the catalytic site of the protein [11,12]. The protein 
belongs to the triose phosphate isomerase (TIM) barrel group 



and kinetic and crystallographic studies suggest a random binding 
of the two substrates and a half-site reactivity (the substrates 
bind to only one monomer) [12]. 

On the other hand, there are few data concerning the kinetic 
behaviour of the HPPK-catalysed reaction. This reaction was 
generally measured in association with DHPS activity [13,14], 
and the regulation of this pyrophosphoryl- transferring enzyme 
remains to be determined. In prokaryotes, the HPPK protein is 
a monomer of 16 kDa [13]. The three-dimensional structures of 
the E. coli and ffaemophyltus influenzae enzymes have been 
determined [15-17], showing that the monomer consists of a. 
single globular a//? domain. The positions of the substrates in the 
catalytic site are compatible with a mechanism involving a 
nueieophilic attack from the hydroxyl group of the pterin 
molecule to the ^-phosphate of ATP, followed by a direct 
transfer of the PP, group from ATP to the 6-hydroxymcthyI side 
chain of dihydropterin. Two Mg 1 * ions, co-ordinated with the 
carboxyl groups of two conserved aspartate residues, are involved 
in this transfer and stabilize the transition state. 

In contrast with the situation found in prokaryotes. HPPK 
and DHPS activities are associated in all the eukaryotes studied 
so far. Indeed, in the protozoa Plasmodium falciparum and 
Toxoplasma gondii a bi function a I protein [18,19] supports both 
activities. The situation is even more complex in the sporozoan 
Pneumocysits corinli, where the enzyme is a tri functional poly- 
peptide supporting dihydroneopterin aldolase, HPPK and DHPS 
activities [20], Dihydroneopterin aldolase catalyses the con- 
version of dihydroneopterin into dihydropterin, the substrate of 
HPPK activity. In plants, the DHPS and HPPK activities are 



ADbrevlallons used: p-ABA. p-amlnobenzoic acid; HPPK. 6-hydroxymethyi-7 f 6-dlhydropterln pyrophosphoKlnass; OHPS, 7.B-dlhyOropt9roale 
synthase: dihydropterin, 6-hydroxymethyl-7,fl-dlh yd ro pterin; dlhydroptarlnPP,, B-hydro*Yrneihyl-7 1 B»dihydropteriri pyrophosphate. 
1 To whom correspondence should be addressed (g-mBil fBbrjce.rebeille@cea.Fr). 
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also supported by a Afunctional enzyme located in the matrix 
space or mitochondria [21,22]. In fact, all the rive steps required 
for tetrahydrofolate polyglutamate synthesis in plants were 
localized in mitochondria [21], which strongly suggests that these 
organelles are a major site for folate Synthesis in these organisms. 

In previous studies [22] we have purified and determined the. 
primary sequence of the Afunctional HPPK/DHPS from pea 
leaves. The molecular data (the presence of a mitochondrial 
transit peptide, a single -copy gene) confirmed the biochemical 
evidence for this protein being localized in the mitochondria. 
Preliminary kinetic studies of the DHFS activity suggested a 
random bireactant system strongly retro-inhibited by dihydrop- 
tcroate, a product of the reaction (K^ 8-10 /xM [22]). However, the 
catalytic properties of HPPK and its coupling with DHPS have 
not been studied yet. The biochemical characterization of the 
native HPPK/PHPS from higher-plant mitochondria is hamper- 
ed by the difficulty in obtaining sufficient amounts of protein. 
Indeed, it represents only 0.04-0.06% of the soluble proteins of 
the mitochondrial matrix [22]. An alternative approach is to 
produce a recombinant enzyme in a prokaryotic host such as £. 
coll. In this report, we describe for the first time the catalytic 
properties and coupling of the HPPK and DHPS activities of the 
plant recombinant bifunctional enzyme. 

MATERIALS AND METHODS 
Materials 

Pteroate and pterin were obtained from Sigma. PterinPP^ was 
obtained from Schircks Laboratory (Jona, Switzerland). These 
products were reduced as dihydro- compounds as described by 
Sdimgeour [23]. They were quantified by their typical absorption 
spectra [24,25] and MS analysis, then stored at -80 °C in flasks 
saturated with argon. 

Expression of the recombinant HPPK/DHPS In B. toll 

The cDNA fragment encoding the mature pea leaf HPPK/DHPS 
[22] was ligated into the appropriate sites of a modified version 
of the plasmid pET-3a (Stratagene), provided kindly by Professor 
D. Macherel (University of Angers, Angers, France). This vector 
contained the nucleotide sequence of argU t the gene encoding a 
tKNA" 15 that is only rarely found in bacteria. Indeed, the 
HPPK/DHPS protein contains 19 arginine residues, a situation 
that could strongly limit its prokaryotic expression. The resulting 
pET-HPPK/DHPS vector was used to transform the BL21 
(DE3) E. coli strain (Stratagene). The bacteria were then grown 
at 37 °C in 2 litres of Luria-Bertani medium supplemented with 
100 ftg/ml carbenicillin. The expression of recombinant HPPK/ 
DHPS protein was induced at IS °C by the addition of 4^M 
isopropyl )?-p-thiogalactoside. Cells were harvested 48 h later by 
centrifugation. Most of the recombinant protein was produced as 
inclusion bodies, However, a small part remained soluble. The 
presence or the recombinant HPPK/DHPS was monitored by 
SDS/PAGE analysis [26] and by Western blotting using rabbit 
polyclonal antibodies raised against the recombinant enzyme 
purified from inclusion bodies (Elevage Scientifique des Dcmbcs, 
Chatillon-Chalaronne, Prance). 

Purtflcailon of ins recombinant HPPK/DHPS 

Cell pellets from 1 litre cultures were incubated aL 37 °C for 15 min 
in 100 ml of a medium containing 2 mM EDTA, 10 pg/ml 
lysozyme and 50 mM Tris/HCl (pH 8 .0). The cells were disrupted 
by three consecutive freeze /thaw cycles followed by a 10 min 
ultrasonic period at 4 °C. All subsequent steps were performed at 
4 fl C. The suspension was centrifUged for 15 min at 15000 g to 

© 2002 Biochemical Sodely 



pellet membrane fragments and inclusion bodies. Lipids and 
small vesicles were removed by ultra-centrifugation for 1 h at 
30000 The resulting supernatant containing soluble recom- 
binant HPPK/DHPS was then concentrated I (Mold by ultrafil- 
tration through a 100 kDa-cutoff membrane (Amicon). This 
procedure removed the two bacterial HPPK (IB kDa) and DHFS 
(70 IcDa) proteins present in vanishing amounts. The remaining 
protein extract was thereafter loaded on to a 0.5 cm x 5 cm 
folate-agarose affinity column (Sigma) that had been equilibrated 
previously with buffer I [0.1 M KH a PO„ pH 7.5/10% (v/v) 
glycerol). The flow rate was 0.3 ml/min. The column was washed 
for 45 min with buffer I, then elutcd with a linear gradient 
((M00%) of buffer II [0.1 M KH a PO«> pH 8.5/10% (v/v) 
glycerol/ 1 mM folate]. Fractions containing the purified recom- 
binant HPPK/DHPS were dialyaed against buffer I and concen- 
trated to a final volume of B00 /*!, The N- terminal part of the 
protein was analysed as described previously [22]. The obtained 
sequence (MFHTAPNSSI) matched the one determined with the 
native enzyme [22], thus confirming its identity. The protein was 
stored at -80 °C in 10% (v/v) glycerol until use. 

Determination of HPPK and DHPS acUvIHes 

These activities were estimated at 30 °C. All the solutions were 
maintained under a stream of argon to minimize the oxidation of 
the various dihydropterin substrates. The HPPK -I- DHPS activity 
(total activity, i.e. reaction 1+ reaction 2) was estimated ac- 
cording to [21]. The standard reaction medium (medium A) 
contained, in a total volume of 120 p\; 40 mM Tris (pH 8.0), 
20 mM 2-mercaptoethnnol, 10 mM MgCl a , 200 /tM ATP and 
various amounts of the purified protein- f'Cjp-ABA (2 /d, 2 mM, 
1,85 GBq mmol" 1 ; ICN Biomedicals) was added to the assay 
medium, and then the reaction was started by the addition of 
100 fiM dihydropterin. After various incubation periods. 100 pi 
of the assay medium were injected into a revcrsed-phase HPLC 
system (Merck 655A-I1 Liquid Chromatograph, equipped with 
a Shandon, Zorbax OD5 Z225 5 fan column) coupled with a 
Berth old (LB 5Q6D) scintillation counter, as described earlier 
[22]. The HPLC conditions were: solvent A, 0.1 M sodium 
acetate, pH 6; solvent B, acelonitrile; solvent B increased linearly 
by 0,B%/min at a flow rate of 1 ml -min" 1 . Within these 
experimental conditions; excess [ l *Qp-ABA was not retained in 
the column, whereas ["CJdihydropteroale, the final product 
of the reaction, was eluted after 19 min of chromatography . 

The DHPS activity (reaction 2) was measured in medium A 
(final volume, 120 /d) devoid of ATP [22]. For a standard assay. 
2 fA of 2 mM ["ClfvABA (1.85 GBq-mmol" 1 ) were added in the 
medium, and the reaction was started by the addition of 100 /*M 
dihydropterinFP,. After various times of incubation the [ i4 CJ 
dihydro pteroate formed was estimated as described above. 

The HPPK activity (reaction I) was estimated through the 
formation of either [2,8-*H]AMP in the presence of [Z.fcVHjATF 
(Amersham Bioscience) or ^-["PldihydropterinFP, in the pres- 
ence of [y- !1 F]ATF (Amersham Bioscience). The standard re- 
action medium contained, in a total volume of 120/d: 40 mM 
Tris (pH 8.0), 20 mM 2-mercaptoethanol, 10 mM MgCl B and 
200 /»M [2,8 'HIATP (1.85 GBq-mmol" 1 ) or 200 /tM [y-"PlATF 
(1.85 GBq-mmol -1 ) and various amounts of the purified re- 
combinant enzyme. Then the reaction was started by the addition 
of 100 dihydropterin. After various periods of incubation, 
the products of the reaction were analysed by the HPLC system 
described above. The HPLC conditions were: solvent A, 50 mM 
KHjPO A , pH 6.0/5 mM tetrabutylammoniura phosphate/4% 
(v/v) acetonitrile; solvent B, acetonitrile; solvent B increased 
linearly by 0.B%/min at a flow rate of 1 mi -min -1 . Within 
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these experimental conditions, [2,8- 3 HlAMP and [2,B- a H]ATP 
(or [y-"P]ATP) were clutcd after 14 and 32 min of chroma- 
tography, respectively, whereas ^-["PJdihydropterinPP, was 
eluied after 1 5 min, Wc verified in separate control experiments 
that non-enzymic formation of [2,8- 3 H]AMP was negligible 
during the course of the experiment, 

RESULTS 

Expression and purification of lha recombinant HPPKVDHP5 

The recombinant HPPK/DHPS was expressed almost exclusively 
as inclusion bodies in E. coli. However, with the culture condi- 
tions described in the Materials and methods section (i-c, low 
temperature, low isopropyl /5-D-thiogaIactosidc concentration) 
DHPS and HPPK activities were higher in the transformed cells 
than in the control, indicating that some or the recombinant 
protein was soluble and active. Although the Afunctional 
HPPK/DHPS was not clearly visible on SDS/PAGE analysis or 
soluble proteins (Figure I A, lane 2), the antibodies raised a gainer 




Ruure 1 Purification and immunodetection pf the recombinant HPPK/DHPS 
npraisHd bi f. caff 

(A) Goorwnle BrllTlant Bl«e-5la!iwd SD5/PAGE nl tha £ coff praialns during the course ol 
pmfksSim. Lane l. molaajlar-roass standards; lane I, soluble prolans (50 /»g) collecleo alter 
conceniration en an XM-100 tiltralillratipn mgmbrana; lane 3. purl I led HPPK/DHFS [ipQ) 
recavand irom lha lafatB-agarasa column, (B) immunodeleciion of me recomDinani 
HPPK/DHPS. Une 1. soluble proteins (50 /*g) CQll>ciad alter cnncanlraUon an a XM-lOO 
LllraTillraiicn membra™; tans 2, purfHad HPPK/PHPS (2^ol; lane 3, molecular-mass 
standards, 



HPPK/DHPS recognized a band of approx. 53 000 Da, cor- 
responding to the molecular mass of the plant enzyme (Figure 
IB, lane 1). This band was not present in non-transformed cells 
(result not shown). Unfortunately, all our attempts to improve 
the yield of recombinant enzyme production (expression as a 
fusion protein with thioredoxin, co-expression with CrroES and 
GroEL, and expression in the yeast Pichia pastoris) were un- 
successful, Nevertheless, the production of the recombinant 
HFFK/DHPS in E. cofi was a good alternative compared with 
the lime- consuming purification or the enzyme from isolated 
plant mitochondria [22]. Indeed, the recombinant HPPK/DHPS 
enzyme was purified in a single step by affinity chromatography 
on a folate-agarose column, leading to a final enzyme preparation 
apparently devoid of contaminants (Figure lA. lane 3). Se- 
quencing of the N- terminal part of the protein (see the Materials 
and methods section) further confirmed the identity of the 
enzyme. According to our protocol, about 300 /*g of purified 
HPPK/DHPS could be obtained from 1 litre of E. coti cell 
culture. 

In preliminary experiments, W c compared the catalytic proper- 
tics of the native HPPK/DHPS with those of the recombinant 
enzyme. The various substrates used for K m determinations were 
highly susceptible to degradation and were therefore freshly 
prepared (see the Materials and methods section). As shown in 
Table 1, the kinetic parameters of the two types of enzyme were 
similar, justifying the use of the recombinant protein in this 
study. However, it must be pointed out that the specific activities 
reported in Table 1 were measured immediately after the final 
step of purification. These values decreased with the length of the 
storage period, suggesting some instability in the purified native 
and recombinant proteins. This loss of activity was reduced when 
the enzyme was k=pl at — 80 °C in presence oF 10% (v/v) 
glycerol. 

Identification ol the dlhydrapterlnPP, formed by HPPK axiluliy 

HPPK activity can be determined in the absence oI>-ABA either 
by the amount or [2,8- 3 H]AMP formed in the presence or [2,S- 
3 HJATP or the amount of pTldihydropterinPP, formed in the 
presence of [y-"P]ATP (see reaction 1). To study the coupling 
between HPPK and DHPS activities it is necessary to estimate 
the level of dihydropterinFP,, the product of the first reaction 
and the substrate for the second. HPLC identification of trace 
amounts of dihydropterinFF, is not simple because there is no 
commercially available labelled standard. Using [/-"PJATP or 
[Ay-"PJATP, «s identified within our HPLC conditions apeak 
(retention time, approx. 15 min) that increased with the time 
course of the reaction. This peak was identified as dihydrop- 
terinPP i for the following reasons. First, it was not present when 



Table 1 Kinetic psramatsrs ol trie HPPR7DHPS protein purrfiBd [rom pes leaf mftochDndrin and the recombinant HPPK/DHPS protein prodaesd In £ calf 

Tne results are means ±5.D. from thrsa lo Tm EaparalB determinations. The specific activities were measured Immediately alter purification ol the enzymes end the K T vetoes were estimated 
by dlfcfl lining Id MIchaefls-Manlsn cunras using nan-Hnaar rerjresslon and EasyFlol software (Spiral Software). 



Pan HPPK/DHPS Recombinant HPPK/DHPS 



Kinetic paramalar HPPK + DHPS activity 0HPS acavlly HPPK + DHPS actMiy DHPS activity 



Oihydrapterin 1 ±0.5 Z±1 

ATP 70±15 70±15 
DitiydroptsrtnPP, 8±4 10±5 

p-ABA 1,0 ±0,5 2.5 + 1,0 

Sparine activity (^urol -mg-'-r 1 ) Z.5±0.5 20 ±4 1.6 ±0.5 18 ±4 
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Table 2 ItfeniMcaoon oi AMP and dlhydropterliiPP, by HPLC 

The reaction mwSum (120 p\) contained 1 of tha recombinant HPPK/OHPS protein, 
IOQ^m dihydropterin and ZOD^M a) various labelled ATP: ([Z.9- I H]AF, [a-"PlATP, 
[Ar M P)ATP and tr*PlATP), Alter 60 mlo ol incubation, 1 DO p\ of the reaction medium ware 
injected into lira HPLC system and [he amotmla of radioactivity present in the AMP (14 mln) 
and dlhydropiertnPP, (15 min) peaks were determined as described in [ha Malsrtal and methods 
section. The controls (wfthcul dihydropterin or wilrmut enzyme) were determined tflth all the 
various labelled ATP species, The small amount al AwP obsefvefl in Ihese controls wbs present 
In Ins initial ATP solution. Jl was subtracted from all (ha following data. The values are 
means ±S.D. from two dBiarrnlnBtlons lor [«-"PJATP and [/f.y-^PjATP aril al lust Ihree 
determinations lor The other conditions; ND, nnt detectable, 

Specific activity (/cmol • ol pratsin" 1 ) 





AMP 


DlhydfOpwrlnPP, 


No difiyctrDplerln 


0.D3B ± D.COe 


ND 


No enzyme 


0.035 + O.DOB 


ND 


( ! HJATP 


1S3 + 0.04 


NO 




0.55 ±0.03 


NO 




ND 


0.45 ±0.055 


[y- 3I P]ATP 


ND 


0.49 ±0.04 




0 S 10 15 

H^Pivrln concentration fjjM) 



Hours z Kinetic study ol iha HPPK domain 

(A) Tlma-cnurse fonratton ol AMP (V) and dihydropterinPP, (H e PlerTnPP,; •). HPPK actMty 
Is expressed as iimol ol products (AMP ordinyaroplartnPPJ lnrmad/mg of protein. The reaction 
medium (120 ft\) ccnlafriBd 1 /ip. of reeomNnani HPPK/DHPS protein. 100 ptA dlnydropterin 
and 200 pM ATP, Each point is lh« maan ol two to five measurements. (D) Rale al AMP 
formation as a function ol dihydroptsrtn (^Pterin) concentration. The reaction medium (1 20 /tO 
contained 1 fig of recombinant HPPK/DHPS protein, 200 /»M Alp and various concentrations 
nldlhydropiBiin. The Rvalue (22 ^M) was estimated by direct fining to iha Michael s-Menien 
curve using non-iinaar regression and EasyPlot software (Spire) Software), Each point Is the 
mean Iron Ihraa determinations, 





1 ■ Ifr 

A 






5 






y 


'.c 
CL 




h 


<A 






< 


O 






i 
I 











■ ■ Z5 




B 




20 




15 






/■ / 


10 






/ /» >^ ■ 


6 





-0,02 0 0.02 0.O4 O.OB 
1/ATP (MM) 



-10 12 
1/H,Pter1n OiM) 



Figure a Inhibition ol the HPPK activity by (JlhydropterliiPP, 

(A) GompeliM Inhibition by dinydroplerlnPP, ol ATP in tna presa/ice ol a saturating 
cancBntratton of dihydropterin (100 ^MJ. DlhydrcptsrtnPP, concentrations wotb: 75 ^fvi; 
■ , 30 pM; V ( 7.5 /tM; 0.0 /tM. Tha «j value was 5 fiM. (B) MI«d-(ypB (rorKornpetlllve) 
Infllblllon by flhjrdraptarlnPP, ol dinydroptenn (H z Ptnrin) in lira presence ol saturating ATP 
pDO^M). OlnydrcpterlnPP, concentrations were: aj, 30/iM; V. 15 /tM: 71 fM; □, 
The Aj values wara 10 and 15 /iM. Far tofl panflls Bach point Is Iha mean Irom three 
separata asllmaltwis. 



Table 3 In hi fan ton or tha HPPK activity by the end products of the reaction 

The A; values lor AMP or d1hydrDDtBrinPP| versus ATp or fllhydrDptPrin were calculated from 
ton initial veladtias of the reaction measured In tflfl presence of one particular product (AMP 
or dlnydropter tnP P|l and variabls concantraTlQra ol ens particular substrata (ATP or 
- dlnydropterfn), as d ascribed hy Segal [2a], The results 3tb maans +■ S.D. Irom tnree 
delirminalions. 





OlhydraptarinPP, 


AMP 




SubstralB 


«; 1/tM) TKpc pI Inhlblllon 




Typo ol inhibition 


ATP 


5±3 compeiltivs 


7QD + 20Q 


Mlied 


Dihyaropterln 


13 ±5 Mixed 


400±100 


Miiod 



of [2,B- a H]ATP or [a-"P]ATP, eenfirraing that the F, groups 
were and y? { from ATP. 



either dihydropterin or the enxymc (Table 2) was omitted. 
Secondly, the peak could not be observed in presence of [2,B- 
*H)ATP or fcs-"P]ATP, a situation where AMP accumulated, 
indicating thaL it was not related to the purine ring and did not 
contain the ct-Pi group of ATP. Thirdly, the peak, but not AMP, 
was observable in the presence of[£y-"PJATP and [y-"P]ATP 
(Table 2), The amount of product calculated from the specific 
activities of the initial ATP substrates was similar in both cases, 
indicating the presence of two p ( groups. Indeed, ir only one P, 
was transferred from [/?,7-"P]ATP, the specific activity of the 
final product would have been half as much. Furthermore, this 
amount was similar to the amount of AMP formed in the presence 

© 2002 Biochemical Sodsiy 



Catalytic props riles ol ihe HPPK reaction 

Id the absence of /?-ABA and in the presence of saturating 
concentrations of dibydroptcrin (100 ^M) and ATP (200 ^M), 
the amount of [2,8- a H]AMF and ["FJdihydropterinPP, increased 
with time in a stoichiometric manner (Figure 2 A). The K ni values 
for dihydropterin (2.2±0.7/*M ( Figure ZB) and ATP (50 ± 
15^tM, result* not shown) were similar to the values reported in 
Table 1 for the overall reaction (that is, in the presence of p- 
ABA). As shown in Figure 3 and Tabic 3, dihydropterinPP, 
appeared as a competitive inhibitor of ATP (approx. JC,, 5 pM) 
and a mixed-type (non-competitive) inhibitor of dihydropterin 
(approx. 10-15 ^M). AMP was a poor inhibitor of the 
reaction (summarized in Table 3), in agreement with the relatively 
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Figure 4 Kinetic study ol the coupled HPPK/DHPS reactions 

(A) TJme-c purse formation of AMP (V), umyflfopiematB (HjPtBrcata; fl) and dlhydrapierlnPP, 
(hjpterlrPP,; Tne ruction medium [120 conmlned 1 ^o ol recombinant HFfK/DHPS, 
100 pM dihydraplerin, ZOO /tM ATP and 100 /iM p-ASA. (B) Time-course wo I u Km ol AMP, 
dlhydrapterofltB and dlriydrDJrtBrlrtPPj In die presence ol pABh, addad 3D mln aHer the addition 
al lha oiher substrates. The reaction medium (120^1) contained 1 j*o ol recombinant 
HPPK/DHPS, and ihc initial ctmcanrrHltons ol dlhydropterin and ATP were 100 and 200 pM, 
respectively. After 30 mln al Ina iballan, 100 /tM p-ABA were addsd and the evolution ol the 
various substrates ims manltcrtd as described In the Mortals and methods section. Each pqlnl 
is (ha mean Jram iwa to bur determinations, 




40 90 
Tima (min) 



120 



rTnore 5 Effect ol Uia addition of flihydropterinPP. on the coupled activities 
of HPPK and DHPS 

HPPK/DHPS activily h expressed as /cmol ol dinyflropBroale (H/ttraafe) lormed/mg ol 
protein, Tne reaction medium contained 1 /to. nl prDlaln, ICO dlhydropterin iqo p.M ^ABA 
and ZOO fM ATP. Each point is the mean from two determinations, H z PierinPP h dihydraplarlnPP,, 



law affinity reported for the mooofunctional E. coli enzyme [27], 
and appeared as a mixed-type inhibitor against both ATP and 
dihydroptertn. The cryslallographic data obtained with the E. 
coli monofunctional enzyme clearly indicate that both substrates 
have to be completed with the enzyme for the one-step reaction 
of pyrophospharyl transfer [16], an observation that is in- 
dicative of a sequential mechanism [28], Other studies using 
analogues of ATP [29] suggest an ordered reaction where ATP is 
bound first. The product-inhibition pattern is also representative 
or the type of sequential mechanism (ordered or random) that is 
involved. The pattern presented in Tabic 3 is compatible with 
an ordered sequential Bi Bi mechanism [28] where ATP is bound 
first and dihyaropterinPF, released last (in a random sequential 
mechanism in rapid equilibrium. dihydropterinPP, and AMP 
would have been Competitive inhibitors of both substrates). Thus 
the plant enzyme mechanism is apparently similar to the one 
described recently for E. coli 

Caupllno faeiweon HPPK and DHPS acth/Ulas 

The coupling of these two activities was achieved by adding />- 
ABA (100 fiM) together with ATP and dlhydropterin. As shown 
in Figure 4(A), when p-ABA was added at the beginning of the 
experiment, the rates of AMP and dihydroptcroate formation 
were identical, indicating a good coupling between the two 
reactions. The velocity of the overall reaction was roughly 
similar to the one recorded for the HPPK reaction alone (see 
Figure 2A), In this situation however, dihydropterinPP, was 
barely detectable, suggesting either a very rapid transformation 
through the DHPS activity or limited diffusion in the bulk 
medium. This last hypothesis is not supported by the accumu- 
lation of dihydropterinPP, observed in Figure 2(A) when the 
reaction was carried out in the absence or p-ABA. However, a 
pos&iblc conformational change favouring a 'direct' connection 
between the two catalytic sites (channelling situation) could take 
place when the two reactions were coupled; that is, when DHPS 



was working, In order to test this hypothesis, />-ABA was added 
30 min after the beginning of the experiment, i.e. when dihydrop- 
terinPP, accumulated in the medium. Indeed, one might expect 
that a channelling situation would limit the exchange of dihydrop- 
terinPP, between the DHFS catalytic site and the bulk medium. 
This was apparently not the case since we observed (Figure 4B) 
a rapid decrease in the dihydropterinPP 1 initially present in the 
external medium, down to the level recorded in Figure 4(A). This 
drop was concomitant with a symmetrical increase in dihydrop- 
tcroate. Thus rapid exchanges of dihydropterinPP, between the 
DHPS binding site and the external medium were still possible 
when the two reactions were coupled. The initial rate of dihydrop- 
tcroate formation shown in Figure 4(B) was about three times 
higher than the steady-state rate measured in Figure 4(A), 
suggesting that the DHPS activity could be limited by the 
availability of dihydropterinFF,. Indeed, as shown in Figure 5, 
the rate of dihydropteroate synthesis from dihydropterin in- 
creased about 9-10-Md when 30 /tM dihydropterin FP, was 
added to the external medium. Thus the HPPK activity was the 
raie-limitjng step of the overall reaction and the production of 
dihydropteroate kept pace with that of AMP. 

Regulation ol the HPPK/DHPS by folate darivallvBs 

In a previous paper [22] wc studied some of the kinetic parameters 
associated wjth the DHPS activity. This enzyme catalysed a 
random bireaclanl reaction and was feed back -inhibited by dihy- 
dropteroate, a competitive inhibitor of both dihydropterinPP, 
and/>-ABA, Interestingly, the monoglutamate forms of di hydro- 
folate and tetrahydrofolale were also potent inhibitors of the 
DHPS reaction (Table 4). Like dihydropteroate, these derivatives 
were competitive with dihydropterinFP i and /t-ABA with similar 
K t values for the two substrates. However* the pentaglutamatc 
forms of dihydrofolate and tetrahydrofolate had leas effect, and 
5-formyl-. 5-methyl- and 5,10-methylene-tetrahydrofolate had no 
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Table 4 erect of various Foists derivatives on HPPK and DHFS activities 

h a FGlu, and M/Glu, are rtmydro- and lelrahydfo-folalB manugiijlBmatas; H^FGIuj and H,FG!u s 
are dlhyflro- and tewnydra-lDlatB pemaglunmalBs. These derivatives and dinyflropieroaie were 
competitive Inhibitors of p-ABA arid dlfiydroptennPP,, wltn similar «; values Ibr thg tw 
subsliatss. The results are maans+S.D. from three different determination?; NSE, no 
significant eflapf for concenlrauons up to 500 /iM. 



HPPK DHP3 



Gihydropteroate N5E a ±3 

HaFGlu, NSE 12±3 

H.FGIu, MSE 12 ±3 

HjFGIUj NSE W±5 

H,FGIU 5 NSE 45 ±5 

5-ForrnyfH^Ghj, NSE NSE 

5-MethylHiFSIu, NSE NSE 

SJO-MclhykmeN/Glu, NSE NSE 



detectable effect on the rate of the DHPS reaction. On the other 
hand, we were not able to detect any significant change in the 
velocity of" the HPPK reaction in the presence of these various 
compounds, at least for concentrations up to 500 /tM. 

DISCUSSION 

The plant bi functional HPPK/DHPS is an important enzyme 
or the Folate biosynthetic pathway. This study represents the first 
attempt to obtain kinetic information concerning the coupling of 
the two sequential reactions catalysed by the plant enzyme. The 
HPPK domain of the protein catalyses the Mg Bx -dependent 
pyrophosphorylation of dihydropterin and our results suggest a 
sequential Bi Bi ordered system where ATP binds first to the 
catalytic site and dihydropterinPP, is released last. These results 
are in good agreement with the enzyme mechanism described 
recently for the monofunctional HFFK from E. coti (16,29]. Our 
data also indicate that the level ofdihydropierinPP, remains very 
low when the two reactions are coupled. Several folatc-dependent 
enzymes involved in sequential reactions were shown to increase 
their efficiency by channelling intermediates between the catalytic 
sites. This has been observed with formimino trans ferns e-cycla- 
deaminase, an enzyme that presents a channelling specificity that 
is optimal for the pentaglutamatc form of tetrahydrofolate [30). 
Another example of channelling of a folate derivative is shown 
with the Afunctional dihydrofolate reductase/ thymidylate syn- 
thase. Indeed, the X-ray structure of this enzyme indicates that 
transfer of dihydrofolate- between the two active sites does not 
occur by a d incisional pathway but rather by electrostatic 
channelling at the surface of the protein [3 1]. The term channelling 
implies that intermediates do not equilibrate with the external 
medium. In the case of the HPPK/DHPS cror results indicate, on 
the contrary, that exchange of dihydropterinPP, between the 
externa] medium and the protein always remains possible, 
Although we cannot totally exclude the possibility of a limited 
diffusion pathway due to the close vicinity of the two catalytic 
sites, these observations are not in favour of a channelling 
hypothesis. In our experimental conditions it is likely that the 
low level of dihydropterinPP, recorded when the two domains 
are operating results from the high specific activity of the DHPS 
versus the HPPK. 

In conclusion, it appears from our results that the HPPK 
activity in plants is the limiting factor of the overall reaction and 
is highly dependent on the DHPS activity. Indeed, dihydrop- 
terinPP, exerts strong feedback inhibition upon HPPK activity 
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Scheme 1 Schematic representation ol the Istrahydrrj folate DloeynUiellF 
pathway 

The scfieme emptiaslzes IDs reaulalon ol blfuncilmal HPPK/DHPS by ths dHhranl Intermediates 
ol the pathway. HjFHcrin, dihydrapterin: HjPturlnPP,, dlhydroplsrlnPP^ N,Ptennte, dlnydrop- 
ififDaifl: H/aJaieGlu, dlhyrfro- (n = 2) or letra* [n •» 4} nyflrololate fllutanfllu. 



and its rate of formation is thus dependent on its utilization by 
DHPS. As summarized in Scheme 1. the DHPS domain is in mm 
regulated tightly. Indeed, it is feedback-inhibited by dihydrop- 
teroate, the product of the reaction [22], and it is also inhibited 
strongly by the monoglutamate forms of dihydrofolate and 
tetrahydrofolate, two intermediates synthesized downstream in 
the folate biosynthetic pathway. From all these data it is tempting 
to postulate thai the DHPS domain of the HPFK/DHPS protein 
is a key regulatory point of the folate biosynthetic pathway in 
plants. If this holds true, this mitochondria] enzyme could be a 
good target for folate enhancement in plants of nutritional 
interest. Indeed, serious diseases are correlated with folate 
deficiency and one possible answer to these health problems 
could be to increase the folate content of plant food (for a review, 
sec [321). currently investigating the effects of varying 

the levej of expression of the Afunctional HPPK/DHPS on the 
folate status in plants. 

We pratelully thank Professor 0. Macnarel (University ol Angers, Angers. France) for 
nelplul discussions. 
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